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ABSTRACT

Phenotyping for photosynthetic gas exchange parameters is
limiting our ability to select plants for enhanced photosynthetic
carbon gain and to assess plant function in current and future
natural environments. This is due, in part, to the time required
to generate estimates of the maximum rate of ribulose-1,5-
bisphosphate carboxylase oxygenase (Rubisco) carboxylation
(Vemax) and the maximal rate of electron transport (J,,,y) from
the response of photosynthesis (A) to the CO, concentration
inside leaf air spaces (C;). To relieve this bottleneck, we devel-
oped a method for rapid photosynthetic carbon assimilation
CO, responses [rapid A-C; response (RACiR)] utilizing
non-steady-state measurements of gas exchange. Using high
temporal resolution measurements under rapidly changing
CO, concentrations, we show that RACiR techniques can
obtain measures of V ax and Jp,.x in ~5Smin, and possibly
even faster. This is a small fraction of the time required for even
the most advanced gas exchange instrumentation. The RACiR
technique, owing to its increased throughput, will allow for
more rapid screening of crops, mutants and populations of
plants in natural environments, bringing gas exchange into
the phenomic era.

Key-words: A-C;; Cs; carboxylation; CO,; gas exchange; phe-
notyping; photosynthesis.

INTRODUCTION

We are in an era where our ability to assess physiological
function is limiting throughput in screening for desired traits
in plants (Furbank & Tester 2011; Araus et al. 2014). This has
implications for food security and biofuel production, such as
the development of crops with improved photosynthetic
performance or water use efficiency to boost yields for ade-
quate food production by 2050 (Ray et al. 2013). The need to
overcome this limitation has spawned phenomics — large-scale
screening of plant phenotypes (e.g. Lobos et al. 2014). Most
phenomic platforms rely on imaging (Furbank & Tester
2011), which can be powerful but are challenging to operate
in the field. Furthermore, it is critical that they generate new
fundamental data describing useful parameters of photo-
synthetic function, such as V. [the maximum rate of
ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco)
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carboxylation] and J,.x (the maximal rate of electron trans-
port). These two parameters are essential for the foundational
Farquhar et al. (1980) model (FvCB) that relates photosyn-
thetic biochemistry to prevailing environmental conditions
(von Caemmerer 2013). This model has also been embedded
into earth system models, and uncertainty in V, ,ax has been
identified as a major source of error (Rogers 2014). Accelerat-
ing our ability to screen for photosynthetic gas exchange traits
such as V¢ nax Will help to achieve improvements in crop yields
and in modelling climate change. Recent advances in
hyperspectral reflectance are generating high-throughput
parameters that correlate fairly well with V.« (Serbin ef al.
2015; Yendrek et al. 2016), but their mechanistic foundation
and assumptions differ greatly from the ‘gold standard’ gas
exchange approach.

Photosynthetic traits are screened several ways, including
point measurements of net CO, assimilation rates (A, ~1 to
5min per measurement, depending on the system), photosyn-
thetic light response curves (~10 to 30 min, depending on the
system and number of irradiances) and photosynthetic CO,
response curves (~30 to 60min, depending on system and
number of concentrations). Point measurements yield the least
information, as rates of photosynthesis cannot be disentangled
from daytime respiratory rates, but they can be used to screen
~100 plants per day per machine to obtain information on
water use efficiency, stomatal conductance and the balance be-
tween photosynthesis and night-time respiration (e.g. Limousin
et al. 2013; Bishop et al. 2015). Light response curves provide
more mechanistic information such as the quantum yield (Long
& Hillgren 1993) and light saturation of photosynthesis, which
can be used in scaling photosynthetic rates through a canopy
(Kull & Krujit 1998; Duursma & Medlyn 2012); however, the
number of plants that can be screened drops to a few tens of
individuals per day. Photosynthetic carbon assimilation CO,
response (A-C;) curves can provide mechanistic information
about the underlying biochemical limitations of carbon assimi-
lation that can vary by genotype. This information can be easily
assimilated into models of both plant growth and global vegeta-
tion (Farquhar et al. 1980; Duursma & Medlyn 2012; Oleson
et al. 2013), but data collection is limited to a few plants per
day. While A-C; curves can provide estimates of V. ax and
Jimax, along with other valuable information on carbon fluxes
in the plant (Sharkey et al. 2007), the time required to execute
this technique has limited utility in the context of large-scale
screens. The power and utility of the A—C; curve would greatly
increase if it could be carried out on a faster timescale.
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The FvCB model is a steady-state model used to interpret
A-C; responses (Farquhar et al. 1980). As generally practised,
A-C; response curves are constructed by allowing a few
minutes for a leaf and gas exchange system to reach a steady
state at each new [CO,] (e.g. Long & Bernacchi 2003), but
not only is this approach slow, it also allows time for complica-
tions to arise from biological responses, such as changes in
enzyme activation state, chloroplast movement or stomatal
aperture. Efforts in the last 10years have focused almost
entirely on optimizing fits for steady-state data collected on
the minutes timescale per [CO,| (Ethier & Livingston 2004;
Sharkey et al. 2007; Gu et al. 2010; Duursma 2015; Bellasio
et al. 2016a, 2016b), not on developing new gas exchange
methods to increase throughput. An early alternative approach
to performing A-C; curves was proposed by Davis et al. (1987)
who showed such curves could be measured with a closed, tran-
sient photosynthesis system using a continuous drawdown
method in which chamber [CO,] was continuously depleted
by a leaf sample held in a closed assimilation chamber. Later,
McDermitt et al. (1989) demonstrated that A—C; curves mea-
sured on soybean leaves by continuous drawdown in which
[CO,] changed at rates of 0.01 to 1 zmol mol s~ ' were not sig-
nificantly different from those measured independently using
an open, steady-state system in which soybean leaves were
equilibrated for Smin at each new [CO,]. However, closed
photosynthesis systems can introduce significant changes in
temperature, pressure and water vapour if not controlled by
recirculation (Long & Hiéllgren 1993). Furthermore, Laisk &
Oja (1998) showed that CO, diffusion into a leaf followed by
solvation and Rubisco carboxylation came into apparent
steady state with large step changes in external [CO,] in ~15s
or less, making it possible to measure Rubisco kinetic parame-
ters in vivo that were in good agreement with values measured
in vitro. These results suggest that plant leaves quickly come
into at least a quasi steady state with changing [CO,] in the
air around them, suggesting it is possible to use a continuously
variable approach for generating A-C; response curves to
generate parameters for use in the FvCB steady-state model.

Here we present a rapid A-C; response (RACiR) technique
that reduces the time necessary to determine an A-C; response
to ~Smin (or possibly faster), making it theoretically possible
to screen hundreds of plants over several days with a single
instrument. The RACIR technique takes advantage of techno-
logical advancements that allow measurement of A during
dynamic changes in C; in an open gas exchange system, and it
generates the same model parameters, using the same curve
fitting tools as the standard A-C; methodology. This makes it
fundamentally different from other screening approaches, for
example, imaging systems, that infer gas exchange parameters
from correlated measurements.

METHODS
Plant material

Poplar trees (Populus deltoides Barr. S7c8 East Texas day
neutral clone) were grown from cuttings in a greenhouse at
the University of New Mexico [35.0843°N, 106.6198°W,
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1587m above sea level (as.l.)] at 183 to 21.1/15.6 to
21.1 °Cday/night temperature during the month of September.

Gas exchange

Using the LI-6800 Portable Photosynthesis System equipped
with the Multiphase Flash Fluorometer and Chamber (LI-
COR Inc., Lincoln, NE, USA), we assessed the CO, response
of A using two different methods: (1) traditional, steady-state
A-C; responses involving discrete, step (i.e. minutes between)
changes in [CO;,] and (2) RACiRs during a CO, ramp (i.e. a
linear change in [CO,] at defined rates; Fig. 1 and further
discussions). Chamber conditions for both methods were as
follows (unless otherwise noted): fan speed of 10000 rpm, flow
rate of 600 zmol mol !, overpressure of 0.2 kPa, vapour pres-
sure deficit (VPD) at leaf (VPD)e,p) of 1.2kPa (controlled by
the LI-6800), leaf temperature of 25 °C and saturating irradi-
ance of 1000 umolm s,

Traditional A-C, response

The LI-6800 provides rapid control and measurement of step-
wise changes in reference [CO,] ([CO,];r) and sample [CO,]
([COxJsample), increasing the speed at which measurements of
Alear can be made. Therefore, we set the CO, response curve
autoprogram with minimum and maximum wait times of 60
and 180s, respectively, and matched the infrared gas analysers
(IRGAs) at every CO, concentration. Incoming leaf chamber
flow rate was set to 600 umolairs~' and the following values
of [COy];er were used: 400, 350, 300, 250, 200, 150, 100, 50,
400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300, 1400,
1500, 1800 and 2000 umol mol ', We performed these mea-
surements on the same day and on the same leaf location as
RACIR measurements and two additional times on separate
days to analyse variation in estimates of V max and Jyax from
separate curves for an individual plant. The pseudo-replicated
traditional A-C; responses were very similar across days, so
we used the mean of the fits [mean V. jax, /max and root mean
square error (RMSE)] for statistical comparisons with the
RACIR method.

Rapid A-C; response technique

An important limitation to measuring fast responses with any
system is the time required to change and measure the gas con-
centrations in the sample and reference chambers. This is facil-
itated in the LI-6800 by splitting the airflow between sample
and reference paths in the measurement head immediately
before the flow meter, leaf chamber and IRGASs, so the times
required for flows to transport chamber input and output gas
concentrations to the IRGAs are very short, a few seconds.
The reference and sample IRGAs report gas concentrations
entering and leaving the leaf chamber with good temporal
fidelity because flow-rate-dependent time delays are quite
small. When incoming [CO,| is continuously increased
(or decreased), the increase (or decrease) will be measured
immediately by the reference IRGA, but the sample IRGA will
see a slower response because the sample chamber dilutes the
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Figure 1. Rapidly changing [CO,] causes an apparent CO,
assimilation value that must be corrected for using an empty chamber.
(a) Changes and lag between the reference ([CO,],cr) and sample
([COsJsampie) [CO,]. (b) Example uncorrected and corrected data in a
chamber with and without a leaf for Populus deltoides. See the
supporting information for an example of how the correction was
performed.

increase (or decrease) with a first-order time constant given by
chamber volume divided by volumetric flow rate, which is the
mean residence time in the leaf chamber. This volumetric dilu-
tion process will be complete after three to five time constants,
and then, if the chamber is empty, [CO,] in the chamber will
increase (or decrease) at the same rate as the input [CO,],
although its value will be offset in time. Measured values for
apparent A will be determined by the instantaneous [CO,]
difference measured between sample and reference IRGAs,
which is due to the sum of four contributions: (1) uptake of
CO, by a leaf, if present; (2) the amount by which the chamber

[CO,] lags the incoming reference [CO,] due to residence time
in the chamber; (3) small IRGA match offsets that may accu-
mulate as the reference [CO,] increases (or decreases); and
(4) any small residual errors due to flow-related time delays
in transporting air to the IRGAs. The last three contributors
arise from properties of the system and are similar with or with-
out a leaf in the chamber, so they can be measured in an empty
chamber test.

A correction procedure was developed to account for effects
of chamber dilution, match offsets and system residual time
delays. Figure la shows data from an experiment using an
empty chamber (i.e. no leaf), during which the [CO,],e; Was
linearly attenuated from 500 to Oumolmol ' at
100 umolmol ' min~!. While changes in [COl.; over time
were measured more or less immediately by the reference
IRGA, the sample chamber acts as a mixing volume, diluting
and delaying the incoming [CO,)mpie- The resulting time
delay is characterized by the chamber mean residence time,
typically near 5s (Fig. 1a). The result is a lag in the change in
[COJsampre» giving rise to an offset in A of an empty chamber
(Agc) versus [COs]ef of around —11umol CO, m 27!
(Fig. 1b, dark solid line). The linear portion of the uncorrected
empty chamber data in Fig. 1b also has a slight upward slope.
This is due to the accumulation of a small match offset as
[COs)rer and [CO,)sampie change, and it is equivalent to about
a 2umol CO,m ?s~! offset at its maximum extent. A third
offset (not shown) resulting from residual time delays
(300-600 ms at system flow rates) due to small length differ-
ences in sample and reference flow paths amounts to less than
1 ymol CO,m s,

The apparent net CO, assimilation rate (A,pparent) is @ com-
posite of the dynamics of net assimilation by the leaf and the
system kinetics and offsets just described. The system response
time is determined by performing a linear regression on the
response of an empty chamber to the RACiR CO, ramp. Data
were selected only from the linear portion of the ramp after
dilution transients were satisfied (Fig. 1b, dark solid line, but
excluding non-linear endpoint dynamics).

Agpc = m*[coﬂref -b (1)

The sign and absolute value of the slope (m) are a composite of
the system-level characteristics just described. A, Was calcu-
lated using Eqn 2 by subtracting Agc at corresponding values
of [COZ]rcf~

Aleat = Aapparent — Agc (2)

When this procedure is applied to the empty chamber data in
Fig. 1a, a relationship is obtained with mean and slope of zero
(Fig. 1b, grey solid line). Equation 1 was extended to cover the
entire range of A,pparent, preserving the non-linear dynamics in
the result. Values of C; were recalculated using Aje,r. All data
outside of the range of [CO;].t over which empty chamber
results were linear were excluded from all analyses. (for exam-
ple calculations, see supporting information).

When the preceding correction protocol is used, CO, con-
centrations were changed using a 100 umolmol ™' min~" linear
ramp for all rapid CO, response curves and by controlling VPD
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at 1.5 kPa, except as noted. This rate was chosen because it is
an appropriate compromise between speed and data capture.
The datalogging rate was 0.5 Hz. The rapid change in [CO,]
precludes matching during the leaf measurement. RACiR
measurements were performed before and after (random-
order) traditional measurements on the same leaves, and in
the same location on each leaf.

Since the order of CO, concentrations affects traditional
A-C; measurements (Long & Bernacchi 2003) and because
data near the inflection point of the A-C; response have the
greatest impact on curve fitting (Sharkey et al. 2007; Gu et al.
2010), the RACIR linear ramps were run for two CO, ranges
in both increasing and decreasing directions. Each linear ramp
lasted 5 min, changing [CO,] at 100 umol mol  min ! starting
at 500 umolmol ' and ramping from 500 to 0xmolmol '
(immediately followed by 0 to 500 zmolmol ™' on a looped
ramp) and then moving to 300 gmol mol ™' and ramping from
300 to 800umolmol ' (immediately followed by 800 to
300 umol mol ! on a looped ramp). Two additional subsets of
the RACiR technique were tested: one set at a
200 gmolmol ' min~" linear ramp for [CO,] from 500 to
0umolmol ' (2.5 min total time) and a second one from 500
to 0 gmol mol ' subset at a 100 umolmol " min " linear ramp
for [CO,], but with all H,O controls off (i.e. VPD was allowed
to vary with the ambient incoming airstream).

Data analysis

All CO, response data were based on a sample size of six bio-
logical replicates and were fitted with the FvCB model using
the plantecophys package in R graphic user interface (GUI)
(Duursma 2015). Unless otherwise noted, all settings for the
fitaci function were left at default settings, as these should have
limited impact on the objective of this study. Statistical analyses
were run using repeated-measures analyses of variance
(ANOVAS) in SIGMAPLOT v.11.0 (Systat Software, Inc., San Jose,
CA, USA) amongst the standard A-C; and RACIR curves
using the LI-6800 and between the 500 to 0 RACiR curves with
and without VPD control, followed by Tukey’s honestly signif-
icant difference (HSD). In cases where the assumptions of nor-
mality were violated, Friedman repeated-measures ANOVAs on
ranks were run on the data.

RESULTS

The rapid rate of change in [CO,] creates a difference in [CO,]
reported by the reference and sample IRGAs due to residence
time and volumetric dilution in the sample chamber. Because
the rate of increase in [CO,] is kept constant, the difference
between reference and sample IRGAs quickly stabilizes, typi-
cally within 20-30s (Fig. 1a). This difference creates an appar-
ent CO, assimilation value in an empty chamber (Fig. 1b) that
can be corrected using a linear-regression-based approach that
removes the effects of chamber residence time, IRGA match
offsets and other small errors (Fig. 1b and the supporting infor-
mation). Without correction for this effect, the RACiR is offset
from the steady-state A—C; response by an amount equivalent
to the measured hysteresis in an empty chamber (Fig. 1b).
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Once corrected, the RACiIR data overlay well onto the
steady-state A—C; response (Fig. 2). We checked a few lower
flow rates and found the correction still works but has a larger
offset (data not shown). We did not test for a minimum flow
rate.

The RACIR technique yielded data similar to the traditional
A-C; approach (Table 1). There was a significant effect of the
type of rapid A-C; curve used on RMSE of the model
(X2:12.857, d.f.=6, P=0.045); however, post hoc pairwise
comparisons only yielded significant differences between the
300-800 gmolmol ! 5min ramp and the 500-0umol mol
2.5min ramp (Table 1). Values for the Vi max (Fo.30=12.126,
P <0.001) and Jyay (XZ =20, d.f.=6, P=0.003) parameters
generated a few significant differences between A—C; response
types (Table 1). Post hoc pairwise comparisons indicated signif-
icant differences between the standard A-C; curves and both
the 800-300 xumol mol ™! 5 min ramp and the 500-0 gmol mol ™
2.5min ramp for Jyay. Only the 800 to 300 umol mol " 5min
ramp yielded significantly lower V.« estimates than the
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Figure 2. The rapid A-C; response (RACIR) technique generates
data that, when corrected with washout regions trimmed, overlay well
onto the standard A-C; response for Populus deltoides. For clarity,
sample data for one individual of P. delfoides are shown. Data for the
standard A—C; are presented as the mean + standard error of the mean
(s.e.m.) for three measured responses on the same leaf of a single
seedling, while RACiRs were replicated once per CO, range per
seedling on the same leaf and same location as the standard A-C;. The
best RACiRs are shown in blue (500 to 0) and red (300 to 800). See
Table 1 for a statistical comparison of the RACiR and standard A-C;
response fits.
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Table 1. Parameters for the A-C; responses of Populus deltoides

VC,n]'dX Jmax
Curve type RMSE (umolm ?s")  (umolm s ")
Standard A-C; 43+04a,b 119+3a,c,d,e 388+42 a
(LI-6800)
500to 0 31+04a,b 122+7a,f, g 285+41a,b
500 to 0% 29+03a,b 114+5e,g,h,i 246+25a,b
500 to 0 25+02a 103+4c,h,j, k 195+13b
(2.5min)
0 to 500 29+03a,b 134+9a 385+105a,b
300 to 800 43+£05b 112+4d, 1,1, 308+42a,b
800 to 300 35+05a,b 95+4Db,k 210190

Linear ramps with a numeric range indicate the range (in umol molfl)
of [CO,] used for the RACIR technique. All ramps were run over 5 min
unless otherwise noted. Data presented as means +s.e.m. with n=6.
Identical lowercase letters indicate that means are not significantly dif-
ferent according to Tukey’s HSD (P > 0.05). Bolded numbers indicate
RACIR data that are significantly different than the standard A-C;
curve. HSD, honestly significant difference; Jy,x: maximum rate of
electron transport; RACIR, rapid A-C; response; RMSE, root mean
square error of the model; s.e.m., standard error of the mean; V p.x,
maximum rate of Rubisco carboxylation; VPD, vapour pressure deficit.
“Rapid response was run without VPD control.

standard A-C; approach. Responses of stomatal conductance
to changes in [CO,],f Were broadly similar using the two mea-
surement approaches (data not shown).

DISCUSSION

The RACIR technique generated gas exchange data on the
biochemical limitations of photosynthesis, in 5 min or less, that
were very similar to the traditional steady-state A—C; response.
This is in contrast to typical times of 30min or longer for Cs
species using the traditional steady-state A-C; response
method. Interestingly, we found little effect of the direction of
the CO, ramp on the response and curve fitting (Table 1 and
Fig. 2), which is in contrast to common pitfalls in the traditional
approach (Long & Bernacchi 2003). This may be because the
measurement is sufficiently fast that it avoids complications
from changes in enzyme activation, chloroplast movement or
even potential problems from changing stomatal conductance
and water potential (Long & Bernacchi 2003; Hanson et al.
2016). It is possible that the RACIR technique generates a
more accurate snapshot of the biochemical and biophysical
limitations of photosynthesis under a given environmental
condition, but additional studies applying this technique will
be required to test that hypothesis.

The RACIR technique works for two fundamental reasons:
(1) the instrument design of the LI-6800 greatly minimizes lags
between the reference and sample IRGAs and it can generate
a constant ramp rate for CO, control and (2) it targets the CO,-
limited and Rubisco regeneration co-limited regions of the
A-C; response with high data density because these regions
are particularly important for curve fitting (Sharkey et al.
2007; Gu et al. 2010), although other regions can be targeted
or full CO, responses can be measured, with the latter increas-
ing the measurement time. Using the standard configurations

of the LI-6800 set to automatically ramp [CO,] down and then
up, between 30s and 1 min of data are typically outside of the
linear correction range and thus discarded. This causes a loss
of 15 to 30 of the 150 data points collected over 5 min. That
leaves over 120 data points for fitting, which is 10 times more
than a traditional steady-state A-C; response, and traditional
measurements are not typically focused on the co-limited
regions. The large number of data points provided in the
critical region generates great statistical power in the shortest
period of time.

The minimum length of time required for a single RACIR
ramp will depend on both the frequency of data collection
and how optimally the co-limited region is captured (a larger
range than necessary increases time but allows for more varia-
tion between plants and conditions). It is possible that increas-
ing data collection to 1 Hz or faster would have eliminated
statistically significant differences between the fits from the
2.5min ramp and the 5Smin ramps by keeping the number of
data points higher. However, it may also be that the discarded
data were in a more critical portion of the response or that
the biochemistry was no longer in steady state. We did not pur-
sue these questions for this report because the answers will be
specific to species and environmental conditions. Therefore, we
recommend pre-screening populations under environmental
conditions of interest to identify the optimal [CO,] range and
ensure that RACiR ramps are capturing a sufficient range of
[CO,] to cover the CO,-limited and Rubisco-co-limited regions
of the A-C; response. Other ranges may also be desirable for
fitting additional parameters.

Even at 5 min, the speed of the RACiR technique putsiton a
temporal scale appropriate for large-scale genotype screening
of photosynthetic capacity in both natural and agricultural
systems, especially when multiple instruments are used simul-
taneously. Allowing 1 min to move the gas exchange system
between plants and 1min for initial chamber stabilization
(presuming leaf temperature, chamber light, and [CO,] are
comparable), we can collect a Smin ramp every 7min (~70
plants per 8 h day per instrument). If genotype or species pre-
screening is performed before a survey, even faster measure-
ments could be possible, such as the 2.5 min ramp, which would
allow ~100 plants to be measured per 8 h day per instrument.

Implications of rapid A-C; response —
photosynthetic carbon metabolism

The lack of a statistically significant difference between the
traditional steady-state and RACiR techniques implies that
(1) carbon metabolism reaches a steady state nearly instanta-
neously (faster than we could measure via gas exchange using
this method), allowing the use of the steady-state FvCB model,
and (2) the gas exchange between the organelles and the air
around the leaf achieves an effective steady-state condition at
least as fast as we changed the gaseous environment, allowing
measurements under dynamic conditions. Because of limita-
tions in data collection frequency, we could not determine a
rate of change in [CO,] that would push carbon metabolism
or gas exchange into a non-steady state for Vay, although
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200 umolmol ' min~"' does appear to compromise the estima-
tion of Jpax.

CONCLUSIONS

The RACIR technique is a breakthrough in our ability to
measure biochemical limitations of photosynthesis, and to try
to push photosynthetic carbon metabolism into a dynamic
state. The timescale of RACiR means that logistical issues of
setting up the measurements may be more restrictive than the
time needed to take the measurements.
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[Correction added on 12 April 2017, after initial online publication
on 1 March 2017: The below addendum was added for clarity of
the method.]

ADDENDUM

Since submitting the manuscript it has come to our attention
that with some instruments the relationship between Agpparent
and reference [CO;] in empty chambers (equation 1) may be
non-linear. In those instances a higher order polynomial fit will
be needed to make the corrections, but the results are other-

wise unchanged. For an individual instrument the extent and
shape of any non-linearity may be influenced by the CO2 mole
fraction of the gas chosen to set the span.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. RACiR 500 to 0 ppm, empty chamber, uncorrected,
full range

Figure S2. RACiR 500 to 0 ppm, empty chamber, uncorrected,
linear range

Figure S3. RACiR 500 to 0 ppm, empty chamber, corrected
Figure S4. RACiR 500 to 0 ppm, leaf, reference CO,

Figure S5. RACIiR 500 to 0 ppm, leaf, Ci

Figure S6. RACiR 500 to 0 ppm, leaf, corrected
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